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PERCUTANEOUS REPAIR OF
CARDIOVASCULAR ANOMALIES AND
REPAIR COMPOSITIONS

This application 1s a continuation of application Ser. No.
08/532,257, filed Sep. 27, 1995, now abandoned, which 1s a
continuation of application Ser. No. 08/122,918 filed on Sep.
16, 1993, now abandoned.

BACKGROUND OF THE INVENTION

The incidence of vascular aneurysms 1s increasing due to
improved longevity of the population as well as improve-
ments 1n the methods of diagnosing for these afilictions.
Hertzer recently reported in Vascular Surgery that approxi-
mately 3% of the general population may be afflicted with
aortic aneurysms. Further, specific incidence of aortic aneu-
rysm correlates to a great degree with related risk factors.
For 1instance, approximately 53% of all patients demonstrat-
ing femoral or popliteal aneurysms also were indicated to
have aortic aneurysms. The prevalence of ancurysms
increase rapidly after 55 years of age. Akkerselyk et al
reported a AAA rate of 11.4% 1n men over 60.

Health care costs for the repair of aneurysms and dissec-
fions of the aorta, 1liac, femoral and popliteal arteries is
presently assumed to be 1n the vicinity of 150-200 million
dollars annually and 1s rising at a significant level due to
orcater ability to diagnose and treat these afflictions, as well
as because of the aging of the general population.

The repair of aneurysms and dissections found 1n the
cardiovascular tree has to a great degree reflected the numer-
ous advancements occurring in the fields of surgery, anes-
thetics and bio-devices. Since the 1950°s successtul repair of
aneurysms has been possible through surgical treatment and
to the present day standard treatment for aneurysms, dissec-
fion and septal defects includes surgical intervention typi-
cally resulting 1n the implant of a prosthesis to replace the
dissected diseased tissue or span the gap of a septal defect.
There are several prosthetic devices available for the repair
of these anomalies. However, 1n spite of the relatively high
degree of success being indicated by the surgical repair of
vascular aneurysms (actuarial rates for the repair of aortic
aneurysms 1ndicate less than 3% morbidity being associated
with this procedure) there exists numerous reasons for
improvement of the processes used. For example, there 1s
the need to further minimize trauma to the patients. There 1s
also the need to minimize hospitalization time. There 1s a
need to minimize expense associlated with the repair proce-
dure.

SUMMARY OF THE INVENTION

The present mnvention 1s directed towards the use of fluid
polymer compositions for vascular repair and an accompa-
nying catheter system which 1s applicable to the percutane-
ous repair of vascular aneurysms, dissections and the like.

Specifically, this invention relates to vascular diseases and
anomalies such as aneurysms, dissections, lesions and septal
defects 1n which the afflicted area 1s not surgically excised
and replaced but rather 1s repaired by the localized delivery
of a fluid polymerizable or crosslinkable material to the
diseased site and the following stabilization of the polymer
by photo-activation, heat activation or chemical means of
this material in situ, resulting in a solid repair material at the
site. The pre-polymer 1s delivered to the site by accessing the
vasculature via the percutancous introduction of a catheter
(specifically designed for this application) into a vessel such
as the femoral, brachial or carotid artery. Following delivery
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to the afflicted area, the fluid polymer may be molded via the
use of the catheter. The pre-polymer 1s stabilized 1.e. solidi-
fied 1n situ either by polymerization or crosslinking via the
introduction of light or heat energy, chemicals, or chemical
nitiators. A relatively smooth transition between the poly-
mer network and the natural vessel may be achieved either
by shaping the proximal and distal portion of the implant
ogenerated or by controlling the physical and material prop-
erties of the polymer. Lastly, the catheter system 1s removed
thus leaving behind a crosslinked polymeric network atfect-
ing the repair of the diseased site.

DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a diagrammatic representation of an aneu-
rysm. The diameter of an aneurysmal site can frequently
exceed that noted in the healthy tissue to a significant
degree.

FIG. 2 diagrammatically indicates the distal portion com-
ponents of a balloon catheter which 1s applicable to the
repair of vascular anomalies such as aneurysms according to
this mnvention. The catheter serves to deliver a repair poly-
mer to the diseased site.

FIG. 3 shows the distal portion of the tissue management
catheter of the 1nvention having been introduced to the site

of an aneurysm and introducing prepolymer to the site.

FIG. 4 shows the further introduction of the photo-
activatable pre-polymer to the site of an aneurysm.
Specifically, the pre-polymer 1s introduced to the site via the
injection of the pre-polymer into the polymer delivery hub
of the catheter (not shown).

FIG. 5 shows the aneurysmal volume {filled with polymer
composition and being formed by the expanded balloon of
the catheter. At this time the polymer 1s activated using an
energy source such as light; resultantly the pre-polymer
becomes crosslinked 1nto position and adds structural sta-
bility to the area.

FIG. 6 shows a second layer of pre-polymer being intro-
duced to the site and the resultant fixed body of photoacti-
vated pre-polymer at the aneurysm repair site. As a result the
ancurysm has been filled and the internal diameter of this
portion has been reduced to match the diameter of the
healthy artery with the surrounding healthy portion of the
vessel.

FIG. 7 shows the repaired aneurysm site after the catheter
has been withdrawn. Note that the repaired (aneurysmal)
portion of the vessel 1s now 1sodiametric with the surround-
ing healthy tissue.

FIG. 8 shows a modified design of the tissue management
catheter. In this version the delivery and venting ports are
placed on the surface of the proximal end of the balloon.

FIG. 9 1s a cross-sectional view along 9—9 of FIG. 8.

FIG. 10 15 a perspective view of a balloon catheter which
1s applicable to the repair of vascular anomalies such as
aneurysms according to this invention; and

FIG. 11 1s a schematic diagram of the catheter of the
present invention 1in combination with a source of polymeric
material and a curing means for curing the polymeric
material.

DETAILED DESCRIPTION

The present invention 1s directed towards catheter systems
and polymeric materials which are applicable to the percu-
tancous repair of or creation of lumens or conduits in
saphenous vein grafts (SVQG), vascular aneurysms, septal
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defects, renal and urinary ducts and conduits, dissections
and the like. Specifically there 1s disclosed a method of
treatment for vascular diseases and anomalies, such as SVGs
following angioplasty, aneurysms, dissections, lesions and
septal defects 1n which the afflicted area 1s not surgically
excised and replaced but rather i1s repaired by localized
delivery of crosslinkable polymeric material delivered
directly to the diseased site and the subsequent stabilization,
as by chemical heat or photoactivated crosslinking in situ.
The crosslinkable polymer i1s delivered to the site 1n a
flowable form by accessing the vasculature via the percu-
taneous introduction of a catheter (specifically designed for
this application) into a vessel such as the aorta, femoral, or
coronary arteries. Following delivery to the afflicted area,
the polymer may be molded via the use of a balloon on the
catheter. The polymer 1s crosslinked or polymerized in
position via the mtroduction of light energy, heat, or chemi-
cal means which will bond and form a stable polymeric
network. Lastly, the catheter system i1s removed, leaving
behind a crosslinked polymeric network with a lumen, thus
ciiecting the repair of the diseased site.

Referring now to the drawings, FIG. 1 shows a vessel 10
having an ancurysm 12 which has swelled to a diameter
larger than the normal size of the vessel. Repair 1s needed to
strengthen the vessel in the area of aneurysm 12.

A catheter system specifically constructed and arranged to
cifect the needed repair 1s shown 1in FIGS. 2 and 10. The
catheter shown generally at 11 1n FIG. 10, includes multi-
lumenal tubing 17 consisting of several lumens with access
ports, mndicated generally at 27 mn FIG. 10, located in the
catheter hub portion, as shown at 29 i FIG. 10. The key
components of the catheter system are: multilumenal tubing
17 consisting of minimally three fluid ports. The tubing may
be constructed from any biologically acceptable material
examples of which would include the polyolefins, urethane
and polyester type materials. A balloon generally designated
20, having enlarged end portions 20a (proximal) and 205
(distal) when partially inflated as seen in FIGS. 2 and 10,
embodies a fiber optic light source 22 (or a heat source as
known 1n the art) which may replace a guide wire, as shown
at 23 m FIG. 10, as needed during the procedure. As can be
seen 1n FIG. 2, the catheter lumen 16a also serves to inflate
and deflate the balloon. Catheter lumen 16a also serves to
accept a guide wire (not shown) as needed and/or a fiber
optic strand 22 or resistive heat source or the like. Catheter
lumen 16c¢ series as pre-polymer inlet port and terminates 1n
a relatively small conduit 16¢' which extends through proxi-
mal balloon portion 20a to provide a flow of pre-polymer
into the area located between the enlarged balloon end
portions 20a and 20b. Catheter lumen 16d 1s similarly
constructed and arranged at its end in proximal balloon
portion 20a to provide a vent conduit 164’. The proximal end
of the catheter construction may in the known manner
mnclude a manifold as shown at 25 1n FIG. 10, with access
ports 21 and the like 1n the known manner. FIG. 2 diagram-
matically demonstrates a design for the delivery of the
polymeric material. The catheter has a balloon with enlarged
portions (when partially inflated) on both of its ends. These
end portions 20a and 20b are designed to stop blood flow 1n
both directions. There are two ports 16¢' and 16d' through
the proximal portion 20a of the balloon connecting to the
central balloon region 1.e., the volume between the balloon
end portions. One of these ports 164" 1s for flushing the areca
and venting i1t while the other 16¢' port 1s for material
delivery. Upon placement of the balloon assembly at the
desired area, the balloon 1s partially inflated until the blood
flow 1s cut from both directions. The central area 1s then
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flushed and cleaned, followed by the delivery of the poly-
meric material. At this time the balloon can be further
inflated to shape the material (see FIG. §). When photo
crosslinking 1s desired, the optical fiber 1s placed 1n lumen
16a to provide the requisite energy. The balloon will be
inflated with a liquid that will be transparent to the wave-
length of light used and the fiber may be moved 1nside the
balloon to raster the area.

In FIG. 3, catheter balloon 20 i1s shown having been
introduced to the aneurysm site 12 for vessel 10 in the
known manner. Note that the balloon 1s introduced to the
point at which the balloon when inflated (as shown) seals
tight at both sides of the aneurysm to form a secaled area or
volume therebetween for enclosing the aneurysm site. Also,
the Figure shows that fiber optic light source 22 has been
introduced into the balloon at the vicinity of the aneurysm as
well as an 1nitial flow of polymeric material 28.

FIG. 11 1s a schematic diagram of the catheter of the
present invention, designated at 11, 1n combination with a
source of polymeric material, designated at 31 and a curing

means, designated at 33, for curing the polymeric material
31.

Referring to FIG. 4 1t can be seen how the polymer
composition 28 1s delivered to the site through the lumen
16¢' of access port 16¢ by 1njection of the fluid composition
into the manifold (not shown) or the like at the proximal end
of the catheter. The pre-polymer may be injected until partial
filling of the aneurysmal volume 1s effected as shown 1n FIG.
5. At this time the fiber optic light source 22 1s activated
using an energy source such as a laser (not shown) to
crosslink the pre-polymer. Pre-polymer 28 1s more fully
described hereinbelow and 1s crosslinked in situ to such an
extent that the fluid character of the polymer composition 1s
lost and 1t stabilizes into a relatively fixed body 28a as
shown 1n FIG. 5. A second quantity of material 285 may be
itroduced as shown 1n FIG. 6 to assure filling of the cavity.
It 1s similarly polymerized or crosslinked in situ. The
repaired site 30 1s shown 1n FIG. 7 after withdrawal of the
catheter.

The photo or chemically crosslinkable material may be
formed into an intraluminal graft or other implantable
device. This device which may be soft and easily manipu-
latable upon mtroduction and will harden after being placed
1n 1ts intended position by crosslinlking, polymerization, or
the like. In the case of an intraluminal graft, the graft will be
delivered percutaneously and when 1n position will be
expanded with the balloon as necessary. The graft will then
be crosslinked and secured in position by hardening.

FIGS. 8 and 9 show a modified catheter system designed
for the needed repair similar to the system shown 1n FIG. 2.
In this design the tubes 16¢ and 16d used for material
delivery and venting are placed on the surface of the balloon.
Grooves may be formed as shown on the proximal end 20a
of the balloon to accommodate these tubes. This may be
needed to achieve complete sealing of the vessel by the
proximal end of the balloon.

Polymer Compositions

The polymeric compositions function in the broader sense
as a protective material and may even include a drug. Also,
the material 1s preferably adhesive-like and capable of
changing from a “first state” favorable form of a material
(allowing injection through the catheter) to a “second state”
solid, semi-solid or paste-like form, which conforms to the
interior wall of a blood vessel or other repair site in the
presence of blood flow to provide a protective covering and



US 6,299,597 Bl

S

scal over flaps, aneurysms, perforations, cracks, and the like.
The “first state” must be fluid-like so that it flows through
the catheter lumen and out of the small port 1n the proximal
end portion of the catheter balloon. The “second state” must
protect the repair site and remain in place when subjected to
blood flow, torsion, and other physical events.

Various kinds of polymeric material will function satis-
factorily for the purposes of this invention. A material which
polymerizes in situ with heat or UV eg., polylactic acid
(PLA) will suffice. Reactant mixtures €.g., polyvinyl acetate
and collagen are also acceptable. Two part systems which
will foam and crosslink 1n situ like polymesh pre-polymer
are accepted.

The polymeric material to be used for structural support
or other purposes may be a photo crosslinkable monomer
system. Examples of such a system are photoinitiator and an
unsaturated polyester. The unsaturated polyester may be
prepared by the methacrylation of polycaprolactone triol or
diol. The photoinitiator may be comprised of n-phenyl
oglycine and di-camphorquinone. The unmatured polyesters
may be blended with other biodegradable polyesters to
optimize the physical properties of the composition, both
before and after crosslinking.

Photoactivatable polymers are most preferred. Numerous
photoactivatable molecules can be used 1n the production of
photoactivatable polymers. However, the groups indicating
the greatest level of utility are carbines and nitrenes formed
photochemically from a precursor. Numerous methods of
producing photoactivatable polymer are possible. With
regard to the polymer, 1deally the material should exhibit the
following properties: a viscosity that allows 1t to flow
through the lumen of the catheter; a photoactivatable func-
tionality which allows it to crosslink intermolecularly as
well as to the surrounding tissue; a crosslinked polymer
should have sufficient structural integrity to withstand the
systolic pressure present in the vasculature; the polymer
should be biocompatible and the polymer should be capable
of allowing tissue ingrowth to occur.

A synthetic or natural polymeric material specifically
modified to contain chemical functionalities capable of
being activated via light energy 1s most preferred. Examples
of suitable substrate materials include collagen, fibrin as
well as resorbable materials such as polylactic acid (PLA),
polyglycolic acid (PGA), copolymers of PLA/PGA,
polyphosphazenes, caprolactone, and polymers containing,
polyhydroxybutyric acid. Also non-resorbable
polyphosphazenes, polyesters, polyurethanes, silicones and
other non-resorbable polymers may be considered but are
not preferred.

Numerous photoactivatable compounds exist to effect the
crosslinking of the polymeric compound. One example of a
photo-activatable molecule which may be used to 1nitiate
crosslinking of the polymer intermolecularly as well as to
surrounding tissue 1s the aryl acid, sulfosuccinimidyl
6-(4'azido-2'-nitrophenylamino)hexanoate (Sulfo-
SANPAH).

The synthetic or natural polymeric material may be spe-
cifically modified to also contain chemical functionalities
capable of being chemically crosslinked. Examples of such
a systems are polymers with primary amine terminating
sidechains which may be crosslinked intermolecularly as
well as with tissue using N-hydroxysuccinimide (NHS) ester
crosslinkers such as BIS (Sulfosuccinimidyl) substrate.
These materials may also be used for structural support or
improving surface properties. A foamable TDI-based poly-
urethane pre-polymer may be used to foam and crosslink in
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situ upon mixing with water. The water solution may contain
structural elements like collagen as well as agent like
heparin.

The photo crosslinked as well as chemically crosslinked
polymeric materials may be used as a drug delivery matrix
with the incorporation of a desired drug. The drug delivery
function may be the sole utility of the material or it may be
used 1n combination with the other described functions.

The chemical and photo crosslinkers may have used to
oralt a molecule onto a substrate with the goal of binding a
physiologically active molecule to 1t. An example of such a
system would be grafting of polyethylemimine (PEI) to a
surface followed by binding of heparin to 1it.

The photo or chemically crosslinkable material may be
placed on the tissue contacting surface of an intraluminal
oralt or other implantable device and used to bond the device
to tissue.

The following 1s a preferred example of a polymer which
will meet various criteria of this invention.

EXAMPLE

A photoactivatable polymer may be produced utilizing
polyphosphazine trimer as the starting material. Following
extraction of 1mpurities from the starting trimer via
sublimation, polymerization of the polyphosphazene 1is
cffected by heating the material at 250° C. in a tube sealed
under vacuum until such time that a substantial increase in
viscosity 1s noted. The resulting polymer 1s further processed
to remove the low molecular weight fractions via sublima-
tion. The polymer thus created 1s dissolved 1n a suitable
solvent such as anhydrous tetrahydrofuran for further reac-
tion.

The polyphosphazene molecule 1s further prepared for
attachment of the photoactivatable molecule by first sto-
ichiometrically attaching an aliphatic molecule to the sub-
strate 1n suflicient quantities to replace and convert the
desired percentage of the available chlorine (CIl) groups of
the polyphosphazene to non-reactable terminals thus leaving
only a limited number of sites available for further reaction.
One molecule that has been found to be particularly useful
for the displacement of the Cl terminals 1s propylamine. The
ultimate crosslink density will thus be determined
(controlled) by limiting the number of available binding CI
sites on the substrate molecule. Once the appropriate quan-
tity of Cl groups have been bound, the substrate 1s then ready
for the attachment of the photoactivatable (BOC-
propanolamine) molecule.

Continuous with the preparation process, a hydroxy-
lamine compound 1s prepared 1n known manner for attach-
ment to the previously prepared polyphosphazene by first
creating the hyroxylamine group with a BOC-ON (N-ter-
butoxycarbonyl) groups thus protecting the amine terminal
from further chemical modification. The BOC-ON protected
molecule 1s subsequently attached to the polyphosphazene
substrate via 1ts hydroxy terminal.

Following attachment of the BOC-Hydroxylamine to the
polyphosphazene, the BOC group 1s removed thus availing
the primary amine group for use in the attachment of a
photoactivatable compound such as SADP. Attachment of
the photoactivable group 1s necessarily accomplished in the
dark. The preparation process 1s known and is briefly
described below:

The preparation of the photoactivated biopolymer i1s
accomplished as follows: prepare polyphosphazine prepoly-
mer (polymerize polyphosphazene); prepare hydroxylamine
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by attaching BOC group to amine terminal, stoichiometri-
cally bind limited number of chlorine groups of the substrate
molecule, attachment of BOC protected Hydroxylamine to
substrate, remove BOC functionality to expose amine group,
attach SADP group to the exposed primary amine terminal
of the hydroxylamine.

What 1s claimed is as follows:

1. A multi-lumen stent forming catheter in combination
with a source of polymeric stent forming material for the
repair of vascular and the like anomalies, comprising:

a) a source of polymeric stent forming material, said
polymeric stent forming material being photo-curable,
heat curable or chemically curable;

b) said multi-lumen stent forming catheter having a
proximal end and a distal end and consisting of:

1) a main body of tubing having a proximal end portion
and a distal end portion, and including at least three
lumens, each of said at least three lumens having a
proximal end and a distal end;

i1) a percutaneous catheter balloon located at a distal
end portion of the catheter, the balloon being unitary
in construction and having a proximal end, a distal
end and spaced end portions interconnected by an
intermediate balloon portion of lesser diameter, said
spaced end portions comprising first proximal
enlarced and second enlarged distal balloon end
portions when said balloon 1s at least partially
inflated; the proximal balloon end portion of the
balloon further comprises an outer surface, and first
and second grooves extending over the surface to the
space between the enlarged proximal and enlarged
distal balloon end portions;

111) access means located at the proximal end portion of
the tubing body, said access means providing access
to the at least three lumens whereby a first lumen of
said at least three lumens 1s used to inflate/deflate the
balloon, a second lumen of said at least three lumens
1s a delivery lumen associated with the source of
polymeric stent forming material and 1s used to
deliver the polymeric material to the proximal
enlarged end portion of the balloon, a third lumen of
said at least three lumens 1s used as a vent lumen for
flushing, drainage or removal of blood and biological
material and/or venting to facilitate delivery of the
polymeric stent forming material and one of said at
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least three lumens 1s used to insert into the balloon
curing means for curing the polymeric stent forming,

material;

iv) first small tubing means located at and associated

with the proximal end portion of the balloon and 1n
fluid communication with the delivery lumen and the
access means, said first small tubing means being
constructed and arranged so as to communicate
between the delivery lumen and a region exterior of
the balloon and located between the enlarged proxi-
mal and distal end portions of the balloon when at
least partially inflated for the delivery of material
therebetween; the first small tubing means 1s con-
nected to the delivery lumen and {its 1n and extends
along said first groove to the space between the first
proximal and second distal enlarged balloon end
portions of the balloon;

v) second small tubing means located at and associated

with the proximal end portion of the balloon and
communicating with the vent lumen, said second
small tubing means being constructed and arranged
so as to communicate between the vent lumen and a
region exterior of the balloon and located between
the proximal and distal end portions of the balloon
when said balloon 1s at least partially inflated for the
delivery of the polymeric stent forming material
therebetween, said second small tubing means
thereby communicating between said region exterior
of the balloon and the vent lumen for flushing,
drainage or removal of blood and biological material
and/or venting to facilitate delivery of the polymeric
stent forming material, said balloon being con-
structed and arranged for use in shaping the poly-
meric stent forming material after introduction
thereof and before curing thereof 1n situ; the second
small tubing means 1s connected to the vent lumen
and fits 1n and extends along said second groove to
the space between the first proximal and second
distal enlarged balloon end portions of the balloon;
and

¢) curing means associated with and delivered by one of
said at least three lumens for curing the polymeric stent
forming material 1n situ.
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